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Abstract
The microstructure in a crept AS21X was investigated;
β-Mg17Al12 , Mg2Si and β’-(Mn, Fe)(Al, Si) particles were observed alongside with extensive
twinning and dislocation pile-ups against grain boundaries. Dislocations were basically
confined to the slip planes: }{ 2110 }{ 1110 and }{ 3110 .
Riassunto
Sono stati studiati i fenomeni microstrutturali alla base
della risposta a creep di una lega di magnesio AS21X. In
particolare, sono state osservate le due seconde fasi β-
Mg17Al12 e Mg2Si e l’intermetallico β’-(Mn,Fe)(Al,Si), oltre a
diffusi geminati e impilagli di dislocazioni lungo i bordi di
grano. Le dislocazioni giacevano ed erano confinate lungo
i piani di scorrimento: }{ 2110 }{ 1110 and }{ 3110 .
INTRODUCTION
Light-weight magnesium alloys have attracted increasing interest in recent
years for applications in the automotive, aircraft and electronic industries
[1-4]. The limited ductility of Mg-alloys is basically due to their h.c.p. structure;
significant development efforts are thus required to broaden their
applicability. Susceptibility to intergranular stress-corrosion-cracking, which
strongly depends on alloy composition and heat treatment, is another key
drawback. A great deal of research has been addressed, for example, at
studying dislocation pile-ups against grain boundaries in Al alloys, and the
underlying mechanism has been used to predict susceptibility to stress-
corrosion-cracking [5,6]. On the other hand, the attempt to improve the
strength of Mg alloys and to develop new high-strength alloys has been
limited by a lack of understanding of the structure, morphology, composition
and distribution of both strengthening precipitate phases and of
microstructural factors, like twinning, influencing and controlling the strength
of Mg alloys. Twinning systems of types }{ 2110 }{ 1110 and }{ 3110  were
observed and referred to the c axis of the h.c.p. Mg lattice. Slip systems
such as }{ 01102211  were also present. Generally, twins formed by the
c-axis are thin and do not contribute significantly to the material’s ductility.
In fact, the ductility of Mg alloys improves only at high temperatures, where
the contribution of twinning becomes less
important [7].
The creep resistance of conventional die-cast Mg-
alloys is generally low, but the AS21 alloy, in
particular, was found to exhibit an interesting creep
strength up to 100°C. The precipitation of Si-rich
phases in this alloy is held [8-9] to enhance long-
term creep properties with respect to alloys
containing only Mg17Al12 particles, which are more
prone to coarsening. On the other hand, the
standard AS21 exhibits lower corrosion resistance
than AZ91D; nevertheless, an addition of Ce-rich
mish metal (RE) in low-Mn AS21, leading to the
new AS21X, resulted in much improved corrosion
resistance compared to the conventional alloy [8].
In this paper, the second-phase precipitation,
twinning mechanism, and dislocation arrangements
of the creep-tested AS21X Mg-alloy were studied
by means of energy dispersive spectrum (EDS)
analysis by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM)
techniques.
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EXPERIMENTAL DETAILS
The chemical composition of the Mg-Al AS21X
alloy is 2.1 Al, 0.94 Si, 0.16 Zn, 0.09Mn, 0.10 rare-
earth, bal. Mg. For SEM investigations, specimens
were polished and etched with a solution
consisting of 10% HNO3 in ethanol for a few
seconds, then etched using a solution of 5 ml acetic
acid, 6 g picric acid, 10 ml distilled water and 10
ml methyl alcohol. Thin foils for TEM analysis were
prepared using a double-jet ion mill working at
low temperature, an incident angle of 14°, and V =
5 V. A Philips XL30 scanning electron microscope
equipped with EDS and back-scattered electron
(BSE) signal, and a Philips CM200 transmission
electron microscope equipped with a double-tilt specimen-holder and nano-
probe microanalysis were used for microstructural studies. EDS analysis
was performed in different regions of the specimen (within the grains, in
grain boundaries and in second-phase particles); data come from statistical
calculations made on the different regions analyzed. TEM inspections were
carried out at 200 kV by tilting specimens so as to visualize the dislocation
slip direction of the grains <120> parallel to the beam. A Siemens D5000
X-ray diffractometer equipped with Euler double-cradle was used to acquire
the different diffraction peaks related to the secondary phases present in
the material. Peak fitting and refinement were performed using a dedicated
Bruker¨ software.
Constant-load creep tests were carried out in the temperature range
between 120 and 180°C on specimens 30 mm in gauge length and 5 mm in
diameter; sample elongation was continuously recorded during each test;
most of the samples were pulled up to rupture.
RESULTS AND DISCUSSION
Figure 1 shows the microstructure of AS21X at low magnification (light
microscopy). The grain interior consists of Mg-Al solid solution, with
increasing Al content from the grain center to the boundaries [10]. In Al-
rich grain boundary zones, there were particles with a variety of
morphologies, from small particles to larger dendrites with the characteristic
“Chinese Script” structure. The microstructure was decorated with second-
phase particles both in the grain boundary and occasionally within the grains
Mg Mg2Si   Mg17Al12   (Mn4.6Fe0.4)Si3
(00.2) (112)          (721) (410)
(10.1) (202)          (660) (004)
(10.2) (210)          (510)
(11.0) (400)          (550)
(10.3)
Table 1.  Crystallographic directions of each
detected peak referring to the different existing
phases (Mg-matrix, Mg
2
Si, b-Mg
17
Al
12
 and β’-
(Mn,Fe)(Al,Si).
Fig. 1:  Microstructure of the as die-cast AS21X alloy as
observed in light microscopy; the structure consists of
primary grains of magnesium-rich solid solution
surrounded by Al-rich divorced eutectic. Occasionally
very large grains can be observed; this grain morphology
derives from the presence in the melt metal flowing in
the die cavity of large and isolated solid “floating
crystals”.
(Figure 2). In particular, several grain boundary
needle-like particles were characterized by a lighter
contrast than the rest of the microstructure. These
early microstructure inspections and the Mg-Al-
Mn phase diagram [11] allowed to identify the
second phases as Mg2Si and b (Mg17Al12) [10,12-
21]; previous investigations at higher magnification
revealed that rare-earth elements form phases
with Si and with Mn [20], although previous detailed SEM and TEM analyses
[21] unambiguously demonstrating that the predominant precipitated phase
is Mg2Si. X-ray diffraction measurements were carried out to verify the
presence of other secondary phases containing the two remaining more
abundant elements, Zn and Mn, not revealed by SEM (Table 1). A third
phase, identified as b’ (Mn,Fe)(Al,Si), was clearly detected by X-ray diffraction
(see also [10]). Moreover, the higher peak intensity of the Mg2Si phase
compared with those of the β-Mg17Al12 confirms a more extensive presence
25 µm
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of the Si-rich than the Al-rich phase. All the above
mentioned and detected secondary phases were
identified by transmission electron microscopy
techniques coupled with selected area electron
diffraction pattern (SAEDP) and a representative
image is reported in Figure 3.
The creep curves obtained by testing under
constant load the as-cast AS21X alloy exhibit a
conventional shape, with a pronounced primary
stage (particularly in the high-stress regime), a
minimum creep rate range, and a prolonged
tertiary stage (for a more detailed description
of creep data, see [9, 22]). The microstructure of
the sample crept at 180°C-100 MPa, at low
magnification (LM), is still substantially similar to
that shown in Figure 1.
TEM analysis showed that an extensive presence
of twins is a common feature in both as-received
and crept conditions. Thin twins, often grouped in
parallel bundles with other intersecting, within
single grains, were extremely common (Figure 4).
In general, the twins terminated with sharp
boundaries next to the grain boundary, but
occasionally they extended through it, causing
boundary deflection and distortion. Twinning is held
to occur within grains poorly oriented for slip,
producing more favored orientations for basal slip
and enhancing multiple slip [23-25]. Most of the
twins observed were of }{ 2110  type. After creep
at 180°C, most twins assumed a lenticular shape
and frontal growth of the plates occurred,
contributing to their spreading across the grain. It
can be hypothesized that the crept material
presented a splitting of twins from the original  to
double  twinning; these thin new twins have also
been found in Mg alloys deformed in the same
range of testing temperatures in grains unfavorably
oriented for basal slip [26].
In some cases, twins appeared as narrow bundles
that occasionally encroached on one another; in
other cases, they were in form of thick lenses with
curved boundaries. SAED pattern revealed twin
boundary misorientation with respect to the grain
to be typically ~4° (Figure 5). Within twins, some
dislocations lying on slip planes and others in
tangles were detected; an inner substructure often
decorated the twin interior (Figure 5 (a),(b)).
Moreover, secondary phase particles were also
detected inside twins (Fig. 5 (a)). The role of
twinning in the deformation of h.c.p. lattice alloys
is well known [25]; in addition, twinning can also
favor the formation of new grain structure, and
indeed new fine grains separated by high-angle
Fig. 2: Back-Scattering electron SEM image of the material; the inlet reports a detailed
region showing the two different second phase particles: Mg 2Si and b-Mg17Al12.
 5 µm
40 µm
β-Mg17Al12 Mg2Si
Fig. 4: a) Representative BF-TEM image showing the abundant presence of twins in
the microstructure of the material after creep test (g = [ 2220 ]); b) Representative
BF-TEM image showing two twins in which the ending of one corresponds to the
beginning of the second one.
(A)
(B)
Mg2Si
Z.A.: [110]
Mg17Al12
(400)(330)
(730)
 (Cube)
Mg17Al12
Mg2Si
Mg2Si
Mg2Si
500 nm
Z.A.: [100]
(Cube)
Fig. 3: TEM representative image showing the indexing and detection of Mg2Si and
Mg17Al12 secondary phase particles present in the microstructure’s material. The related
SAEDP, together with zone axis, are shown and indexed. Material after creep test.
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boundaries had developed, and were documented,
in correspondence of twins within the grain (Figure
6). The authors believe the formation of these high-
angle boundaries to be produced by twin-twin
intersections. The non-basal dislocation slip toward
Fig. 5: a) BF-TEM image showing the interior of a twin decorated by arrays of
dislocations resembling low-angle boundary subgrains, a secondary phase particle is
also present within the two twinning boundaries; b) DF-TEM showing a twin interior
structure (g = []).
200 nm
twingrain
grain
200 nm
g2022
( )3110 ( 2220( )1110
(A) (B)
Fig. 6: BF-TEM image showing a new fine grain (NFG)
structure having high-angle boundaries in
correspondence of twins (T) (g = []). The SAED pattern
of a NFG superimposing a T is also reported, it shows a
little angular mismatch across the NFG-T boundary.
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the basal slip dislocations of the twins could be co-responsible for the
formation of non-equilibrium new grain boundaries. Studies [26-28]
reporting the presence of several internal stress fields generated by the
new grain with non-equilibrium boundaries appear to support this view.
CONCLUSIONS
Creep tests of an AS21X magnesium alloy were
carried out at 100MPa / 180°C. EDS analysis
allowed to detect the two most abundant second-
phase particles: β-Mg17Al12 and Mg2Si. A minor
amount of a third phase, β’-(Mn,Fe)(Al,Si), was also
detected using X-ray diffraction techniques.
Twinning systems operating in the crept alloy
microstructure and dislocation slip systems together with their pile-up
mechanism were detected and studied. Twins were sometimes grouped
into narrow, parallel bundles and in other cases they were thick lenses with
curved boundaries. Lattice rotation in high-density dislocation regions next
to twin boundaries resulted in the formation of fine new grains characterized
by non-equilibrium boundaries. Such grain formation is typical of low-
temperature plastic deformation and of the creep response to
microstructure deformation mechanisms of magnesium alloys.
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